Delayed neuronal loss and brain atrophy after cerebral ischemia contribute to stroke and dementia pathology, but the mechanisms are poorly understood. Phagocytic removal of neurons is generally assumed to be beneficial and to occur only after neuronal death. However, we report herein that inhibition of phagocytosis can prevent delayed loss and death of functional neurons after transient brain ischemia. Two phagocytic proteins, Mer receptor tyrosine kinase (MerTK) and Milk fat globule EGF-like factor 8 (MFG-E8), were transiently up-regulated by macrophages/microglia after focal brain ischemia in vivo. Strikingly, deficiency in either protein completely prevented long-term functional motor deficits after cerebral ischemia and strongly reduced brain atrophy as a result of inhibiting phagocytosis of neurons. Correspondingly, in vitro glutamate-stressed neurons reversibly exposed the "eatme" signal phosphatidylserine, leading to their phagocytosis by microglia; this neuronal loss was prevented in the absence of microglia and reduced if microglia were genetically deficient in MerTK or MFG-E8, both of which mediate phosphatidylserine-recognition. Thus, phagocytosis of viable neurons contributes to brain pathology and, surprisingly, blocking this process is strongly beneficial. Therefore, inhibition of specific phagocytic pathways may present therapeutic targets for preventing delayed neuronal loss after transient cerebral ischemia.
phagoptosis | neuroinflammation C erebral ischemia is one of the most common causes of death and disability worldwide and occurs as a result of interrupted blood supply to the brain, resulting in neurodegeneration during stroke and vascular dementia. In the ischemic area where the reduction of blood flow is most pronounced (the core), neuronal death follows rapidly as a result of energy depletion. However, in areas of partial ischemia (the penumbra) and in areas around the infarct (peri-infarct), neurons stressed by ischemia or its consequences are lost only after some delay, providing an opportunity for therapeutic interference hours or days after stroke (1, 2) .
In addition to the directly neurotoxic effects of ischemia, damage-associated ligands released from dying cells induce a strong inflammatory response, which can cause further neuronal damage. However, inflammation is a self-limiting process and after ischemia and reperfusion, microglia and recruited macrophages clear cell debris and dying cells through phagocytosis (3, 4) .
Phagocytosis is generally considered to be a beneficial process that leads to clearance of potentially harmful cellular components and may also contribute to the resolution of inflammation (5) . It has been assumed that cells are only phagocytosed after they are committed to die (6) ; therefore, a potential contribution of phagocytosis to pathology has not been investigated. However, it has recently become clear that viable cells exposed to sublethal stimuli may expose the "eat-me" signal phosphatidylserine (PS), leading to their phagocytosis and thus death (7) (8) (9) (10) (11) .
The recognition of cells exposing PS can be mediated by a variety of proteins and is dependent on the inflammatory state of the macrophage (for review, see ref. 12 ). For example, two phagocytic proteins that have been shown to be up-regulated by inflammatory activation are: (i) Milk fat globule EGF-like factor-8 (MFG-E8), which binds PS on the phagocytic target cell and the vitronectin receptor on macrophages (13) ; and (ii) Mer receptor tyrosine kinase (MerTK), which detects PS-exposing target cells with the help of PS-binding bridging proteins, such as Gas6 and Protein S (14, 15) . However, MerTK can also initiate engulfment because of phosphorylation by focal adhesion kinase downstream of the MFG-E8 receptor, the vitronectin receptor (16) .
Interestingly, it has been shown that viable neurons in the ischemic penumbra and surrounding brain are labeled by annexin V, indicating PS exposure peaking 3 d after transient ischemia but reversing thereafter (17) , and large numbers of stressed neurons and phagocytic microglia are found together in brain regions during and after ischemia (1, 3) . We therefore hypothesized that phagocytosis may contribute to delayed neuronal loss after cerebral ischemia. Our data show that phagocytosis executes neuronal death after transient brain ischemia, because blocking phagocytic signaling prevents both the delayed neuronal loss and long-term functional deficits.
Results

MerTK and MFG-E8 Expression Is Up-Regulated After Focal Brain
Ischemia. Depending on their inflammatory state, macrophages express and use different phagocytic pathways for the removal of cells exposing eat-me signals (for review, see ref. 12 ). Inflammatory-activated peripheral macrophages have been shown to up-regulate the bridging protein MFG-E8 and the phagocytic receptor MerTK (13, 14, 18) , and deficiency in either protein Significance Brain ischemia is a major cause of death and disability worldwide, but the cellular mechanisms of delayed neuronal loss and brain atrophy after cerebral ischemia are poorly understood and thus currently untreatable. Surprisingly, we find that after cerebral ischemia, brain macrophages phagocytose viable and functional neurons, causing brain atrophy and motor dysfunction. Our data show that delayed neuronal death and functional impairment after cerebral ischemia can be prevented by blocking specific phagocytic pathways, and therefore highlight new therapeutic targets for stroke and dementia.
Author contributions: J.J.N. and G.C.B. designed research; J.J.N., J.V.E., M.F., and P.K.M. performed research; C.T. contributed new reagents/analytic tools; J.J.N., J.V.E., and M.F. analyzed data; and J.J.N. and G.C.B. wrote the paper.
results in pronounced deficits in the removal of cells displaying the eat-me signal PS on their surface (14, 19) .
With regards to the central nervous system, it has been reported that the brain's macrophages, microglia, express MerTK (15) as well as MFG-E8 (10) in culture. In contrast, MFG-E8 and MerTK show only low expression levels in the naïve brain (20, 21) , but are upregulated in response to inflammatory stimuli (9, 22) , in accordance with a partially activated microglial phenotype in vitro (23) . Because cerebral ischemia is accompanied by a strong inflammatory response (3), we were interested in learning whether MFG-E8 and MerTK may be up-regulated following brain ischemia. To induce focal ischemia in vivo, the vasoconstrictor endothelin-1 was injected into the striatum of rats or the sensorimotor cortex of mice, following previously published protocols (24) (25) (26) . These and other studies have shown that endothelin-1 causes a transient, local reduction of blood flow, mimicking the small, local strokes that are common in humans, with a relatively high penumbra/core ratio and delayed inflammation and neuronal loss (27) .
Analyzing the infarct region at 1, 3, 7, and 28 d, MerTK staining was only detectable by immunohistochemistry at 3 d after ischemia in rats (Fig. 1A) , with MFG-E8 levels also being strongly increased at 3 d (Fig. S1) . Similar results were obtained after cortical ischemia in mice, where MFG-E8 levels remained increased at 7 d (Fig. 1B and Fig. S1 ). Immunoreactivity for MerTK or MFG-E8 was virtually absent in the contralateral (vehicle-injected) hemisphere (Fig. 1) . Thus, these two phagocytic proteins are minimally expressed in the naïve brain, but are strongly and transiently expressed in the infarct at 3-7 d afterischemia.
Increased protein levels of MerTK and MFG-E8 coincided with activation of microglia/macrophages (hereafter referred to only as microglia), as detected by their affinity for isolectin-B4 (28, 29) . MerTK was only detectable in activated microglia, and MFG-E8 was additionally found to opsonize neurons (Fig. 1B and Fig. S1 ), in accordance with its function in bridging microglial receptors and PS-exposing neurons. Furthermore, staining for β-galactosidase expressed under the endogenous milk fat globule-EGF factor 8 (Mfge8) promoter in Mfge8 knockout mice (30) showed protein expression at 3 and 7 d after focal ischemia in both astrocytes and microglia (but not neurons) (Fig. S1 ), as has been reported during other conditions of brain inflammation (9, 31) . Of note, MerTK staining was absent in the brains of Royal College of Surgeons rats, which harbor a MerTK gene deletion (32) , and MFG-E8 staining was absent from Mfge8 knockout mice (30) subjected to endothelin-1 induced ischemia (Fig. 1) , confirming antibody specificity. However, Mfge8 knockout animals showed pronounced MerTK expression and vice versa (Fig.  S1 ), indicating independent expression of these proteins.
MerTK or MFG-E8 Deficiency Strongly Reduces Motor Deficits After Focal Brain Ischemia. The contribution of MerTK and MFG-E8 to pathology was examined through testing the motor function of animals for 4 wk following striatal or cortical ischemia, respectively. MerTK wild-type rats subjected to transient striatal ischemia showed motor deficits in beam-walking (for balance/ coordination), ladder-climbing (for grip strength/coordination), and the Montoya staircase (for lateralized skilled forelimb reaching) tasks. These ischemia-induced motor deficits partially recovered over 4 wk, likely because of the well-known adaption, plasticity, and learning effects after ischemic brain damage (33) . Strikingly, the motor dysfunction induced by ischemia was strongly decreased in MerTK mutant animals compared with wild-type animals ( Fig. 2 A-C) . Similarly, after cortical ischemia, Mfge8 knockout animals showed strongly improved neurological outcome compared with wild-type animals, as measured by beam-walking and ladder-climbing performance (Fig. 2 D and  E) . At 4 wk after brain ischemia, the MerTK-and Mfge8-deficient animals had virtually no remaining motor dysfunctions (Fig. 2) , indicating that the lack of MerTK or MFG-E8 provides permanent and substantial protection and benefit.
MerTK Deficiency Reduces Phagocytosis of Neurons and Brain Atrophy
After Focal Brain Ischemia. Ischemic stroke leads to a complex series of events that initially involves ischemic neuronal death and brain swelling followed by delayed inflammation, neuronal loss, tissue contraction, and brain atrophy, as well as scar formation (3) . To examine these changes in detail, we analyzed neuronal densities and changes in infarct and brain volume at 1, 3, 7, and 28 d after the ischemic insult. Injection of endothelin-1 into the rat striatum resulted in a clearly demarcated infarct (as identified by changes in staining for the neuronal nuclear antigen, NeuN) ( Fig. 3A) and reproduced essential features of stroke, namely brain swelling at 1 and 3 d after ischemia, microgliosis at 3 and 7 d, brain atrophy starting at 7 d, and scar formation visible at 28 d after ischemia (Fig. 3A) .
To determine whether the initial ischemic insult and the consequent direct neuronal death were identical in the presence and absence of MerTK, we analyzed infarct volume, brain swelling, and the number of degenerating neurons (Fluorojade C + ) at 1 and 3 d after ischemia. Importantly, it was not possible to distinguish between MerTK wild-type and mutant animals on any of these measures ( Fig. 3 B, C, and E). Furthermore, cell counts based on the neuronal nuclear antigen, NeuN, showed no loss of neurons at 1 d after ischemia, suggesting that neurons had not yet been phagocytosed. At 3 d, a large proportion of neurons had been lost in the infarct area, but the number of neurons remaining in MerTK mutant animals was significantly higher (wild-type: 103 ± 14; MerTK mutant: 154 ± 11 neurons per field) (Fig. 3D ). At the same time, the number of degenerating neurons had significantly decreased and did not differ between genotypes (Fig. 3E) .
It is known that the initial infarct evolves over time and leads to a decrease in brain volume in both the infarct and surrounding tissue at later time-points (3). Accordingly, at 7 d after ischemia, MerTK wild-type animals showed significant loss of brain tissue (Fig. 3B , Right). In contrast, MerTK mutant animals showed no brain atrophy and had significantly smaller infarcts than wildtype animals (Fig. 3B) . By 28 d, the remaining tissue scar was indistinguishable between genotypes, but the striatal atrophy was decreased by 66 ± 9% in MerTK mutant animals compared with wild-type animals ( Fig. 3B, Right) , and the atrophy-induced increase in ventricle volume was prevented in MerTK mutant rats (Fig. S2) . Thus, although the loss of MerTK has no effect on the initial insult and death of neurons, it substantially prevents the delayed loss of live neurons and tissue.
We assessed the innate immune response after ischemia first using isolectin-B4 staining, which labels both phagocytic-and nonphagocytic-activated macrophages/microglia (34) . Only few activated microglia were found at 1 d after ischemia, but a strong response was visible in the infarct area at 3 and 7 d, returning almost to baseline by 28 d (Fig. 4A ). This time-course of microglial recruitment and activation was similar to the timecourse of neuronal loss.
At all time-points, the number of activated microglia was the same in MerTK mutant and wild-type animals ( Fig. 4A ). In line with an equivalent number of activated microglia being present in MerTK wild-type and mutant animals, we could not detect any differences in the inflammatory response as measured by the levels of the inflammatory mediators IL-1β and IL-6, as well as inducible nitric oxide synthase (iNOS) at 3 d postischemia (Fig.  S3 ). These results indicated that the changes in infarct development and brain atrophy were not the result of an altered inflammatory response.
We next assessed the phagocytic activity of microglia in MerTK wild-type and mutant animals. A significant proportion of activated microglia had an amoeboid morphology indicative of a phagocytic phenotype (35) , and showed large phagolysosomes positive for CD68 (ED1), which is only detectable in phagocytic cells (36) . However, at 3 d after ischemia there was a 25 ± 1% reduction in the number of amoeboid microglia (Fig. 4B ) and a 34 ± 10% reduction in the number of microglia carrying large CD68 + phagolysosomes in the MerTK mutant compared with wild-type animals (Fig. S4) , indicating that the phagocytic activity was reduced in MerTK mutant microglia when the density of neurons was declining most rapidly. No differences were observed at other time-points, in line with the absence of MerTK expression at these other time-points (Fig. 1A) .
Next, the phagocytosis of neurons was directly analyzed at 3 d after ischemia through acquisition of confocal z-stacks and 3D image reconstruction to quantify the number of microglia containing neuronal nuclear (NeuN + ) material. Strikingly, 51 ± 5% of microglia contained NeuN + material in wild-type animals, but only 21 ± 2% in MerTK-deficient animals (Fig. 4C) . Thus, our results indicate that rather than affecting inflammation, MerTK deficiency blocks microglial engulfment of neurons after ischemia. This reaction leads to a pronounced reduction of neuronal loss, and results in strongly reduced brain atrophy and improved motor function in MerTK mutant rats.
MFG-E8 Deficiency Reduces Phagocytosis of Neurons and Brain
Atrophy After Focal Brain Ischemia. Similar to MerTK mutant animals, Mfge8 knockout mice showed improved functional outcomes after focal ischemia. Analogous to MerTK animals, Mfge8 knockout and wild-type mice showed equivalent infarct size, brain swelling, and numbers of degenerating neurons at 1 and 3 d (Fig. 5 A, B, and D) , indicating that the initial insult was independent of genotype and that neurons were not protected from direct neurotoxicity. Although there was no difference in neuronal densities within the infarct between genotypes at any time point (Fig. 5C ), there was a significant decrease in infarct size at 7 d and almost complete prevention of brain atrophy at 28 d after ischemia in Mfge8 knockout mice compared with wildtype mice (Fig. 5B ). This finding indicated that similar to MerTK deficiency, MFG-E8 deficiency also reduced the delayed loss of neurons and brain tissue.
The number of activated microglia was highest at 3 and 7 d after ischemia and did not differ between Mfge8 knockout and wild-type animals at any time point (Fig. 6A ). In addition, no differences in the protein levels of the inflammatory mediators IL-1β and IL-6, nor iNOS were detectable at 3 d postischemia (Fig. S3) . Furthermore, Mfge8 deficiency significantly reduced the number of amoeboid microglia by 24 ± 7% at 7 d after ischemia (Fig. 6B) . Accordingly, Mfge8 deficiency significantly reduced the number of microglia containing neuronal nuclear material at 3 d after brain ischemia (wild-type 87 ± 7%, Mfge8 knockout 57 ± 4%) (Fig. 6C) . These results indicated that Mfge8 deficiency did not affect the inflammatory response after focal cerebral ischemia, but rather limited microglial phagocytosis of neurons, thereby preventing neuronal loss and brain atrophy and leading to improved motor function.
Neuronal Regeneration Is Limited or Absent After Focal Cerebral
Ischemia. To examine whether the differences in neuronal loss/ atrophy and functional outcome might be a result of enhanced regenerative capacity in the knockout/mutant strains, recruitment of neuronal precursors was assessed using staining for doublecortin X (DCX). In rats, some DCX + cells could be observed in the infarcted striatum (but not the saline-injected contralateral side) at 7 and 28 d after ischemia (Fig. S5) . However, recruitment of neuronal precursors was very limited and no differences were observed between MerTK wild-type and mutant rats; therefore, it seems unlikely that neuronal replacement made a significant contribution to the improved functional outcome in MerTK mutant rats. In accordance with a negligible influence of neuronal regeneration, recruitment of neuronal precursors to the cortex in Mfge8 knockout and wildtype mice was never observed, even though DCX + cells could be clearly seen lining the lateral ventricles (Fig. S5) .
Microglial MerTK and MFG-E8 Mediate Loss of Glutamate-Stressed, PS-Exposing Neurons in Vitro. To further test the role of microglial phagocytosis in delayed loss and death of stressed neurons, we also investigated phagocytic signaling in vitro. The release of the excitatory neurotransmitter glutamate causes neuronal stress, activation of microglia and delayed neuronal loss after brain ischemia (1). Within 0.5 h, low glutamate levels (100 μM) caused extensive neuronal exposure of the eat-me signal PS, which is known to induce phagocytic uptake via MFG-E8 and MerTK (9) (10) (11) . Surprisingly, however, 24 h later this PS exposure was fully reversed in the absence of neuronal death or loss (Table 1) , indicating transient PS exposure on viable cells. In contrast, high concentrations of glutamate (1 mM) induced irreversible PS exposure (Table 1) .
Next, we used a short (6 h) assay to determine: (i) if microglia would phagocytose glutamate-stressed, PS-exposing neurons; (ii) if phagocytosis was modulated by inflammatory microglial activation; and (iii) if this was dependent on MerTK and MFG-E8. Microglia-depleted neuronal/astrocytic cultures were treated with glutamate, the culture medium was exchanged to remove any soluble mediators (possibly including astrocytic MFG-E8), and either naïve microglia or microglia preactivated with a Tolllike receptor 2 (TLR2) agonist were added to the neurons [as TLR2 activation is known to mediate inflammation after brain ischemia (3)]; neuronal loss was assessed 6 h later.
Neuronal death or loss was not affected by the addition of naïve or activated microglia (wild-type, Mfge8 knockout, or MerTK mutant) to untreated neurons (Fig. S6 ). In the absence of microglia, glutamate caused no significant neuronal loss. However, the addition of microglia to glutamate-treated neurons resulted in significant loss of neurons, which was increased if the microglia were TLR-activated before addition (Table 2) . Strikingly, activated microglia from MerTK mutant or Mfge8 knockout animals removed significantly fewer neurons (Table 2) , consistent with their role in phagocytosis of stressed neurons. Importantly, delaying the addition of activated wild-type microglia until 24 h after glutamate treatment, when PS-exposure had reversed, also completely prevented neuronal loss (Table 2) .
To test whether the inhibition of microglial phagocytosis of stressed neurons in vitro was the result of a change in the microglial inflammatory response in MerTK mutant or Mfge8 knockout microglia, we analyzed inflammatory mediator release. The release of inflammatory mediators (TNF-α, IL-6, or nitric oxide) was equivalent in MerTK mutant, Mfge8 knockout, and wild-type cells (Fig. S6 ). This finding is in line with our in vivo analysis (Fig. S3) .
Having found no differences in the inflammatory response, we next determined if the deficiency in phagocytic uptake of stressed neurons was caused by a general inhibition of phagocytic activity or a specific effect. We have previously shown that the general, PS-independent phagocytic activity of Mfge8 knockout microglia after TLR activation is equivalent to wild-type cells (9) . Similarly, TLR2 or TLR4 agonists enhanced phagocytosis of fluorescent microbeads to the same extent in MerTK wild-type and mutant microglia (Fig. S6) .
Furthermore, Mfge8 wild-type and knockout microglia both removed equivalent numbers of dead (propidium iodide-positive) neurons from naïve neuronal cultures incubated with microglia for 6 h (Fig. S6 ). This result is in line with our previous findings (9) and indicates that the phagocytic defect of Mfge8 knockout microglia is specific for PS-exposing live neurons but not necrotic neurons, which may be recognized by other signals and opsonins (reviewed in ref. 37) . Interestingly, however, we found that dying neurons accumulated in mixed neuronal/glial cultures prepared from MerTK mutant animals during the first 7 d in vitro (Fig. S6) , indicating deficient phagocytosis of these cells. However, upon TLR-activation, dead cells were efficiently removed (Fig. S6) , again highlighting the dependency of phagocytic pathways on the inflammatory status of microglia. Thus, our in vitro results confirm that MerTK and MFG-E8 deficiency have no apparent effect on microglial inflammation or general phagocytic capacity, and that MFG-E8-or MerTK-deficient microglia are still capable of removing dead neurons, in line with no accumulation of dead neurons after brain ischemia in vivo (Figs. 3E and 5D ). In contrast, MFG-E8 or MerTK deficiency seems to specifically affect the phagocytosis of stressed but viable neurons during inflammatory conditions.
Discussion
We show herein that a lack of two phagocytic proteins that are required for phagocytosis of PS-exposing cells and are transiently and locally up-regulated after brain ischemia can prevent neuronal loss and death, and as a result improve functional outcome after stroke. Our data point to a mode of neuronal death after brain ischemia that is mediated by phagocytosis of viable cells. This poorly recognized and characterized form of cell death has been called "primary phagocytosis" or "phagoptosis," with the defining characteristic that inhibition of phagocytosis prevents cell death (12, 38) . Phagocytosis has previously been assumed to be a beneficial process, but we show here that it can be detrimental and that blocking phagoptosis is functionally beneficial after focal cerebral ischemia. Phagoptosis has previously been described under physiological conditions, such as macrophage phagocytosis of "aged" erythrocytes and activated neutrophils (39, 40) as well as during development and after subtoxic insults in Caenorhabditis elegans (41) (42) (43) . Additionally, phagoptosis has also been observed after simply inducing PS exposure on the surface of cells (44) . Moreover, we have previously characterized phagoptosis of neurons during inflammation induced with TLR ligands in vitro and in vivo (9-11). Therefore, phagocytosis could be a common executioner of cell death and may simply have been overlooked because it leaves no cell corpse to be analyzed.
Exposure of the eat-me signal PS has in the past been thought to only occur on dead or dying cells (6, 45) . However, it is now clear that many viable cells, including neurons, can expose PS as a result of activation or sublethal stimuli, potentially leading to their phagocytosis and thus death (7) (8) (9) (10) . We have shown here that glutamate causes PS exposure on otherwise viable neurons in vitro, which can lead to their phagocytosis if activated microglia are present. Furthermore, we have found that neurons after cerebral ischemia in vivo are opsonized with MFG-E8, indicating PS exposure and phagocytic "tagging." Accordingly, others have shown that viable neurons in the postischemic brain are labeled by annexin V, indicating PS exposure that peaks at 3 d after transient ischemia and reverses thereafter (17) ; these PS-exposed neurons are targets for phagocytosis, as confirmed by our data. Furthermore, we found here that after focal brain ischemia, activated macrophages/microglia in the infarct area showed delayed and transient up-regulation of MerTK and MFG-E8, both of which are known to facilitate recognition of PS. PS can be reversibly exposed on stressed but viable cells (7) (8) (9) (10) and, in accordance with phagocytosis of viable neurons, deficiency in MerTK or MFG-E8 protected neurons from phagocytic uptake after glutamate treatment in vitro and led to strongly reduced loss of brain tissue after transient cerebral ischemia in vivo. MerTK can activate actin rearrangement and engulfment either as a result of: (i) engagement by bridging molecules for PS recognition (e.g., Gas6, Protein S), or (ii) phosphorylation by focal adhesion kinase downstream of the MFG-E8 receptor, the vitronectin receptor (16) . Thus, the protective effect in MerTK mutant animals could result from the prevention of PS-induced phagocytosis mediated by both MFG-E8 and other adaptor proteins.
MerTK or MFG-E8 deficiency protected the postischemic brain by preventing delayed loss of viable brain tissue, rather than reducing the size of the residual infarct. This delayed loss of viable tissue after ischemia (that is prevented by blocking phagocytosis) must either occur in the infarct itself or in periinfarct areas. In the former case, areas at the edge of the infarct (the penumbra) may revert to healthy tissue when phagocytosis is blocked; in the latter case, brain areas around the infarct normally atrophy, but this may be prevented when phagocytosis is blocked. Importantly, the delayed atrophy of areas around the infarct has been described in human stroke (46, 47) and animal models of stroke (2) .
Of note, microglial deficiency in MerTK or MFG-E8 did not lead to the accumulation of dying neurons in vivo and we found that Mfge8 knockout microglia were still able to remove dead cells when incubated with neurons for 6 h (Fig. S6) . MFG-E8 has been reported to mediate microglial phagocytosis of apoptotic neuroblastoma cells (20) , but this has not been confirmed as yet for primary neurons. Interestingly, MerTK mutant microglia displayed reduced phagocytic removal of dead cells in naïve cultures, but when activated with a TLR-agonist, phagocytosis of dead cells was enabled. Correspondingly, after brain ischemia in vivo there was no increase in degenerating neurons in knockout/ mutant animals (as measured by Fluorojade C staining), indicating that phagocytosis of dead neurons was not impaired, possibly because of additional eat-me signals being displayed or released by dead cells (37) . Importantly, the lack of accumulation of dead or dying cells despite inhibition of phagocytosis indicates that the cells protected from phagocytosis must have been alive when they were eaten. Although it is possible that Fluorojade C staining does not label all dead and dying neurons, the protective effect against brain atrophy and the long-lasting improved functional outcome provide strong evidence that live cells, but not dying cells, were preserved in MerTK mutant/Mfge8 knockout animals.
Phagocytic engulfment of PS-exposing cells can suppress proinflammatory signaling and lead to the induction of an antiinflammatory phenotype in the engulfing cell (for review, see ref. 48 ). In line with this observation, knockout of MFG-E8 or MerTK can lead to enhanced inflammation (see, for example, refs. 15 and 49). Of note, two studies investigating models of permanent cerebral ischemia have reported protective effects mediated by MFG-E8 through modulation of the inflammatory response. One study reported enhanced IL-1β production and larger infarcts in Mfge8 knockout mice (50) , whereas the other correspondingly reported suppression of inflammation after intravenous treatment with recombinant MFG-E8 and reduced infarct size (51) . In contrast, we could not detect any significant changes in the inflammatory response after focal cerebral ischemia as measured by the number of activated microglia, as well as the release of inflammatory mediators both in vitro and in vivo (Figs. S3 and S6 ). This difference may be explained by the use of a model of permanent brain ischemia in the aforementioned studies, which produces a much more severe insult, leading to a large core region with direct neurotoxicity and a small penumbra area, as well as a severe inflammatory response resulting from disintegration of necrotic cells. It is therefore likely that any protection resulting from inhibition of phagoptosis would have been small relative to the total infarct size, and that the inflammatory response would have been much stronger than we observed here, thereby potentially explaining the difference in our results. Our data indicates that phagocytosis of neurons does not occur until at least 24 h after focal cerebral ischemia and that MerTK and MFG-E8 expression is transient and restricted to the infarct area. Therefore, MerTK-and MFG-E8-mediated phagocytosis could be an interesting therapeutic target for stroke and related pathologies, particularly because disruption of the blood-brain barrier as a result of cerebral ischemia may allow entry of drugs into the infarct area. As stroke remains one of the most common causes of disability and death in the world (52) , treatments aimed at preventing phagocytosis-induced neuronal death should be investigated.
Methods and Materials
All experiments were performed in accordance with the UK Animals (Scientific Procedures) Act (1986) and approved by the Cambridge University local ethical committee.
Animals. All animals were bred and housed locally. Wild-type C57BL/6 and homozygous Mfge8 knockout mice were used (30) . Homozygous Royal College of Surgeons rats, which have a spontaneous deletion of the MerTK gene (32) , and a control wild-type strain were generously provided by John Greenwood, Institute of Ophthalmology, University College London, London.
Cell Culture Experiments. Primary cerebellar neuronal/astrocytic/microglial and pure microglial cultures were prepared as described previously (53) . Selective elimination of microglia using L-leucine-methyl-ester, phagocytosis assays, cell counts, annexin V staining, and assessment of phagocytic capacity were performed as previously described (10) . Of note, before adding microglia to glutamate-treated neurons, the culture medium was exchanged with medium from wild-type sister cultures.
Surgical Procedure. Ten-week-old male MerTK wild-type/mutant or Mfge8 wild-type/knockout mice received bilateral stereotactic injections of endothelin-1 (ET-1) and vehicle under anesthesia and analgesia. Stereotactic coordinates were [relative to bregma according to Paxinos and Watson (1982) and Paxinos and Franklin (2001)]: rat striatum: AP +1.2 mm, ML ± 3 mm, DV −5 mm; mouse sensorimotor cortex: AP +0.6 mm, ML ± 2.2 mm, DV −1.7 mm, similar to published protocols (24) (25) (26) . ET-1 (Bachem) was infused over 5/10 min in rats/mice at 50/300 pmoles in 2/1 μL, respectively. Animals were deeply anesthetized and transcardially perfused with cold PBS followed by 4% (wt/vol) paraformaldehyde. Cryoprotected brains were cut into 40-μm-thick (rats) or 25-μm-thick (mice) coronal sections and immunohistochemistry was performed as previously described (9) .
Quantification of Infarct Size, Brain Volume, Cellular Densities, and Phagocytosis in Vivo. Every fifth and fourth section containing the infarct was analyzed for rats and mice, respectively. Stained sections were scanned using a Leica DMI6000 microscope and infarct size was measured using Image J software for each section based on changes in staining for neuronal nuclei (NeuN), or alternatively Fluorojade C (early time-points) or isolectin-B4 (later time-points), yielding equivalent results. Areas covered by the striatum and overlying cortex in rats and the cortex in mice were measured based on anatomical landmarks according to Paxinos and Watson (1982) and Paxinos and Franklin (2001) in 15-18 sections per rat and 9-12 sections per mouse, covering the infarct area and at least two additional rostral and caudal sections. Volumes were calculated by multiplying the sum of the areas of all sections by the distance between analyzed slices (34) .
To analyze phagocytic uptake of neurons, confocal z-stacks of the infarct area were taken with a 63× objective and 3D reconstructions were generated using Imaris 7.4.0 software (with fixed thresholds for reconstructions). More than 600 individual microglia from five animals per group were analyzed to determine differences in uptake of neuronal nuclear (NeuN + ) material.
Analysis of Inflammatory Mediators in Vivo.
To analyze the protein levels of iNOS, IL-1β and IL-6, proteins were isolated from brain sections using Qproteome FFPE Tissue Kit (Qiagen) according to the manufacturer's protocol (the two hemispheres were separated and four hemispheres from anatomically matched sections containing the infarct were pooled). Protein content of samples was quantified with bicinchoninic acid assay (Pierce Biotechnology) and 15 μg of protein were loaded for each sample. Proteins were analyzed by standard SDS PAGE and Western blotting. Proteins were detected using mouse anti-mouse iNOS (BD Transduction Laboratories; 1:250), rabbit anti-IL-1β (Santa Cruz, sc-7884; 1:1,000), mouse anti-IL6 (Abcam, ab-9324: 1:250), and mouse anti-GAPDH (HyTest; 1:50,000) antibodies and appropriate secondary antibodies conjugated with horse-radish peroxidase. Luminescence signal was recorded using a XS Stella 3200 device (Raytest) and protein band intensity was then quantified using AIDA Image Analyzer software, ensuring that quantified bands were not overexposed. Signal intensities were normalized for GAPDH intensities. Behavioral Testing. Forelimb and hindlimb impairments were evaluated using the beam-walking test, which sensitively detects sensorimotor deficits following cerebral ischemia in rats and mice (54, 55) . Climbing tests were used to assess grip strength and general sensorimotor impairment (56) . The Montoya staircase was used as a measure of lateralized skilled forelimb motor function in rats (57) .
Statistical Analysis. Statistical analysis was performed using SPSS software and nonparametric tests throughout. Kruskal-Wallis and Friedman tests were used to analyze differences between more than two independent and dependent samples, respectively; Mann-Whitney and Wilcoxon tests were used for pairwise comparison of independent and related samples, respectively. Results were considered to be statistically significant if P < 0.05. All data are presented as means ± SEM. The number of independent repeats (n) for each experiment is specified in the figure legends.
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Neher et al. 10 .1073/pnas.1308679110 , and IL-6 are strongly up-regulated in the infarcted hemisphere compared with the noninfarcted hemisphere after focal cerebral ischemia at 3 d after ischemia (exemplary samples from wild-type mice with a cortical infarct are shown; the closest molecular-weight marker is indicated on the right-hand side of the blot). (B) Semiquantitative Western blotting analysis of the infarcted hemispheres shows that the inflammatory response does not differ between MerTK wild-type and mutant animals based on protein levels of iNOS, IL-1β, and IL-6 (for quantification shown on the right, protein levels were normalized to the GAPDH loading control) at 3 d after ischemia. (C) Semiquantitative Western blotting analysis of the infarcted hemispheres shows that the inflammatory response does not differ between wild-type and Mfge8 knockout animals based on protein levels of iNOS, IL-1β, and IL-6 (for quantification shown on the right, protein levels were normalized to the GAPDH loading control) at 3 d after ischemia. Data shown are means ± SEM for n = 5 animals per group. The general phagocytic activity is equivalent in MerTK wild-type and mutant microglia. Pure microglia in vitro phagocytose-equivalent numbers of either uncharged (Left) or negatively charged (Right) fluorescent microbeads when stimulated with lipopolysaccharide (LPS, 100 ng/mL) or phorbol-12-myristate-13-acetate (12 pg/mL). n = 4 independent cultures. (E) Inflammatory responses of MerTK mutant and wild-type microglia in vitro. (Left) After stimulation with the TLR2 ligand lipoteichoic acid (LTA, 50 μg/mL) or the TLR4 ligand LPS (100 ng/mL) for 24 h, MerTK mutant microglia show a tendency toward reduced proliferation, but produce an equivalent amount of the inflammatory mediators nitric oxide (measured as nitrite, Center) and TNF-α (Right), whereas glutamate has no direct effects (please note that inflammatory mediators were normalized for the average microglial number in culture). n ≥ 5 independent cultures. (F) Microglial proliferation, release of IL-6 and TNF-α production are equivalent in Mfge8 wild-type and knockout microglia after stimulation with the TLR2 ligand LTA (50 μg/mL) or the TLR4 ligand LPS (100 ng/mL) for 24 h (please note that inflammatory mediators were normalized for the average cell number in culture). n ≥ 4 independent cultures.
